Animals inheriting the slick hair gene have a short, sleek, and sometimes glossy coat. The objective of the present study was to determine whether slick-haired Holstein cows regulate body temperature more effectively than wild-type Holstein cows when exposed to an acute increase in heat stress. Lactating slick cows (n = 10) and wild-type cows (n = 10) were placed for 10 h in an indoor environment with a solid roof, fans, and evaporative cooling or in an outdoor environment with shade cloth and no fans or evaporative cooling. Cows were exposed to both environments in a single reversal design. Vaginal temperature, respiration rate, surface temperature, and sweating rate were measured at 1200, 1500, 1800, and 2100 h (replicate 1) or 1200 and 1500 h (replicate 2), and blood samples were collected for plasma cortisol concentration. Cows in the outdoor environment had higher vaginal and surface temperatures, respiration rates, and sweating rates than cows in the indoor environment. In both environments, slick-haired cows had lower vaginal temperatures (indoor: 39.0 vs. 39.4°C; outdoor 39.6 vs. 40.2°C; SEM = 0.07) and respiration rate (indoor: 67 vs. 79 breaths/ min; outdoor 97 vs. 107 breaths/min; SEM = 5.5) than wild-type cows and greater sweating rates in unclipped areas of skin (indoor: 57 vs. 43 g⋅h −1 /m 2 ; outdoor 82 vs. 61 g⋅h −1 /m 2 ; SEM = 8). Clipping the hair at the site of sweating measurement eliminated the difference between slick-haired and wild-type cows. Results indicate that slick-haired Holstein cows can regulate body temperature more effectively than wild-type cows during heat stress. One reason slick-haired animals are better able to regulate body temperature is increased sweating rate.
IntrODuCtIOn
Genetic variance for heat tolerance exists in dairy cattle and improvement can be expected through selection . Few specific genes have been identified that control heat tolerance. One such gene is the slick hair gene (slick hair), which controls hair length. Originally described in Senepol cattle, the gene was subsequently identified in Carora cattle (Olson et al., 2003) and introduced into Holsteins by crossbreeding. The gene has been mapped to chromosome 20 (Mariasegaram et al., 2007) . Animals with the dominant allele have a very short, sleek, and sometimes glossy coat. Cattle with slick hair coats experience lower body temperatures in heat stress conditions. The superior thermoregulatory ability associated with the slick phenotype is apparently the result of increased convective and conductive heat loss and decreased absorption of solar radiation. Milk yield for Carora × Holstein cows in Venezuela was higher for animals with slick hair than for their contemporaries with wild-type hair (Olson et al., 2003) .
Although differences in thermoregulatory ability between slick and wild-type cows were observed under heat stress conditions (Olson et al., 2003) , no study has been performed to compare body temperature regulation during experimentally imposed heat stress. The aim of the present study was to determine 1) whether slick-haired Holstein cows regulate body temperature more effectively than wild-type Holstein cows when exposed to an acute increase in heat stress and 2) whether this difference is caused by differences in sensible or evaporative heat loss.
materIaLS anD metHODS

Animals and Treatments
The experiment was conducted with slick (n = 10) and wild-type (n = 10) lactating Holstein cows at the Dairy Research Unit in Hague, FL. Slick-haired cows were out of Holstein cows and were sired by 3 differ-ent 3/4 Holstein and 1/4 Senepol bulls heterozygous for Slick. Of the wild-type cows, 2 were siblings of the slickhaired cows used in the study and 8 were unrelated. Within hair type, cows were paired according to their parity, stage of lactation, and milk yield and randomly assigned within pair to 1 of 2 groups (sequence 1 and sequence 2). Differences between slick and wild-type cows in age, DIM, and milk yield (2.6 ± 0.6 vs. 2.7 ± 0.5 yr; 135.3 ± 17.4 vs. 138.5 ± 16.9 d, and 27.3 ± 1.4 vs. 28.2 ± 1.6 kg, respectively) at the start of the experiment were not significant (P > 0.05).
When not used for the experiment, cows were maintained in a free-stall barn containing fans and sprinklers. The experiment was conducted on August 20, 2007 (replicate 1) and August 24, 2007 (replicate 2). The experimental design involved a single reversal arrangement of environmental treatments. Cows in sequence 1 were housed in the indoor environment for replicate 1 and the outside environment for replicate 2, and cows in sequence 2 were housed in the outside environment for replicate 1 and the indoor environment for replicate 2.
On each experimental day, cows assigned to the indoor environment were moved at 1100 h to a concrete block building with a ceiling height of 3 m and in a 15 × 6 m pen with a concrete floor. The pen was ventilated by a pair of 0.91-m diameter fans located at each end of the long sides of the pen. In addition, cows were soaked thoroughly with water via a hose at 15-min intervals from 1100 to 2100 h. Cows remained in the pen until 2100 h. Cows in the outdoor environment were housed from 1100 to 2100 h in a 10 × 8 m pen located outside. The pen had a concrete floor and was covered by shade cloth (73% reduction in solar radiation; Donovan Enterprises, Stuart, FL) suspended 3 m overhead. Sprinklers were not present, and cows were not manually wetted. During the experiment, feed and water were available ad libitum for both groups. Cows were milked twice daily between 0800 to 1000 h and 2100 to 2300 h.
The experiment for replicate 2 was terminated prematurely because a rainstorm occurring at 1630 h resulted in cooling of cows in the outside environment. Accordingly, data from cows were collected from 1200 to 1500 h only.
Environmental Measurements
On each experimental day, black globe temperature, dry bulb temperature, relative humidity (RH), and dew point temperature were recorded every 15 min in each environment at a height of 2 m. Dry bulb temperature, RH, and dew point temperature were measured using a HOBO-U12 data logger (Onset Company, Bourne, MA). The temperature-humidity index (THI) was calculated according to the equation reported by :
where T = dry bulb temperature (°C) and RH = relative humidity (%).
Physiological Measurements
Vaginal temperature was measured at 15-min intervals from 1100 to 2100 h using a HOBO water temperature Pro V2 data logger (Onset Company, Bourne, MA) attached to a blank (i.e., without progesterone) controlled internal drug releasing device (CIDR, Pfizer Animal Health, New York, NY) that was inserted into the vagina. Respiration rate, surface temperature, and sweating rate were measured at 1200, 1500, 1800, and 2100 h. Respiration rate was measured by counting flank movements for a 1-min period. Surface temperature was measured at unclipped black areas on the thigh, loin, and shoulder of the right and left sides of the cow using an infrared thermometer (Sixth Sense LT300 Infrared Thermometer, TTI Instruments, Williston, VT) held 20 cm from the surface. For replicate 1, sweating rate was estimated using a Vapometer (Delfin Technologies Ltd., Kuopio, Finland) on an unclipped area of the right shoulder. For replicate 2, sweating rate was measured on 2 areas of the right shoulder: an unclipped area and a closely clipped and brushed area. Hair was clipped using an Oster PowerPro hair clipper with Opti-Block blade kit (Oster Professional Products, McMinnville, TN).
Coccygeal blood samples were collected via venipuncture at 1200, 1500, 1800, and 2100 h using heparinized Vacutainer tubes for determination of cortisol concentrations. Samples were placed on ice until centrifuged at 1,000 × g for 30 min at 4°C. Plasma was harvested and stored at −20°C until analysis. Cortisol concentrations were measured using solid-phase RIA (Coat-ACount cortisol kit, Diagnostic Products, Los Angeles, CA). The intraassay coefficient of variation was 14.9%.
Statistical Analysis
Data were analyzed using the PROC GLM procedure of SAS (v. 9.1.3; SAS Institute Inc., Cary, NC). Three analyses were performed. The first analysis was for data collected for replicate 1. The mathematical model included main effects of environment, hair type (slick and wild-type hair), cow nested within hair type and environment, time of day, and all interactions. The second analysis considered data collected on both replicates from the period between 1200 and 1500 h (i.e., before rain in replicate 2). The model included environment (i.e., the day × sequence interaction), hair type (slick and wild-type hair), cow nested within hair type, time of day, and all interactions. The third analysis was for sweating rate for replicate 2 (1200 and 1500 h). The model included effects environment, hair type (slick and wild-type hair), cow nested within hair type and environment, time of day, clipping (yes or no), and all interactions. For all analyses, cow was considered a random effect and other main effects were considered fixed. Tests of significance were calculated using expected mean squares. A probability of P < 0.05 was considered significant.
reSuLtS
Environmental Conditions
The environmental conditions in each treatment are shown in Figure 1 . For replicate 1, the outdoor environment was characterized by higher dry bulb temperatures (from 1100 to 1845 h) and THI (from 1100 to 1830 h except at 1415, 1515, and 1600 h) than the indoor environment. The THI remained greater than 80 in both groups for the duration of experiment. Relative humidity was lower in the outdoor environment from 1100 to 1900 h. In replicate 2 before 1630 h, when a rainstorm occurred, dry bulb temperature and THI were higher and RH lower for the outdoor environment than the indoor environment Following the rainstorm at ~1630 h, the dry bulb temperature in the outdoor environment became less than that in the indoor environment and the RH became greater. The THI became lower for the outdoor environment than the indoor environment, but was lower in both environments than before the rain.
Replicate 1
Data were analyzed separately for replicate 1 because physiological measurements were collected throughout the experimental period, whereas the occurrence of rain in replicate 2 compromised effects of treatment on measurements collected after 1500 h.
Results for vaginal temperature are in Figure 2A and for surface temperature in Figure 2B . Vaginal temperature was higher for cows in the outdoor environment than for cows in the indoor environment (P < 0.001). Slick-haired Holsteins had lower vaginal temperatures than wild-type Holsteins in both environments (P < 0.05), and there was no hair type × environment interaction. Vaginal temperatures in wild-type Holsteins were generally above 39°C in both environments. There were fluctuations in vaginal temperature in cows in the indoor environment that may reflect an increase in temperature coincident with blood sampling. Surface temperature was greater for cows in the outdoor environment (P < 0.001), but there was no significant effect of hair type or interactions with hair type. There was an effect of time (P < 0.001) and environment × time interaction (P < 0.001), which largely reflected that surface temperature at the beginning of the experiment (1200 h) was very high in cows in the outdoor environment and then decreased rapidly thereafter.
Data on evaporative cooling are in Figure 3 . Respiration rates were higher for cows in the outdoor environment than for cows in the indoor environment (P < 0.001) and were lower for slick-haired cows than for wild-type cows (P < 0.05; Figure 3A ). There were no interactions between hair type and other effects. Sweating rate was higher for cows in the outdoor environment (P < 0.001; Figure 3B ). Sweating rate decreased toward the end of the day (time, P < 0.001), and the differences between environments decreased during this time (environment × time interaction, P < 0.01). There was a tendency for sweating rate to be greater for slick-haired cows than wild-type cows (hair type, P = 0.075; hair type × time interaction, P = 0.08). Cortisol concentrations were not affected by main effects or interactions ( Figure 3C ).
Combined Analysis of Replicates 1 and 2
An analysis of the complete data set was performed for the period from 1200 to 1500 h (before occurrence of rain in replicate 2). There were no interactions between hair type and time, and data are presented as pooled across time. As displayed in Figure 4A , vaginal temperature was higher for the outdoor environment (P < 0.001) and lower for slick-haired cows than wildtype cows (P < 0.01). Surface temperature was higher for the outdoor environment (P < 0.001), but there was no effect of hair type ( Figure 4B ). Respiration rate was higher for the outdoor environment (P < 0.001) and lower for slick-haired cows than wild-type cows (P < 0.03; Figure 5A ). Sweating rate was higher for the outdoor environment (P < 0.02) and higher for slick-haired cows than wild-type cows (P < 0.01; Figure 5B ). There were no hair type × environment interactions affecting vaginal temperature, surface temperature, respiration rate, or sweating rate. Cortisol concentrations were not affected by environment or the hair type × environment interaction, although there was a tendency (P < 0.08) for higher concentrations for slick-haired cows than wild-type cows ( Figure 5C ).
Sweating Rate in Replicate 2
In replicate 2, sweating rate was measured in both clipped and unclipped regions of the skin to determine 3397 SlICK-HAIReD HOlSTeINS AND HeAT STReSS if the differences in sweating rate between hair types were a direct effect of hair length (Figure 6 ). Sweating rate was greater for the clipped area than for the unclipped area (P < 0.001) and greater in the outdoor environment (P < 0.02). There were clipping × hair type (P < 0.01) and clipping × environment (P < 0.01) interactions. Sweating rate was greater for slick-haired cows than for wild-type cows in unclipped areas, but lesser for slick-haired cows than for wild-type cows in clipped areas. Also, the difference between indoor and outdoor environments was greater for the clipped area than the unclipped area. 
DISCuSSIOn
Results presented here confirm earlier findings (Olson et al., 2003) that slick-haired cattle were better able to regulate body temperature than wild-type contemporaries. The increased thermal resistance of the slick-haired animals was likely due in part to increased sweating rate.
Differences in thermal regulation between slickhaired and wild-type cows were observed in the indoor and outdoor environments. Cows in both environments were subjected to heat stress. In the indoor environment, the THI ranged between 81.4 and 84.4, values that are considered above the threshold for heat stress (West, 2003) . Moreover, vaginal temperature of control cows with wild-type hair in the indoor environment were generally above 39°C, whereas lactating cows in the thermoneutral zone have temperatures lower than 39°C (Meyer et al., 1995; Trout et al., 1998; Wilson et al., 1998) . Cows in the outdoor environment were subjected to more severe heat stress as indicated by increases in THI, vaginal and surface temperature, respiration rate, and sweating rate. That slick-haired cows were better able to regulate their body temperature in both environments indicates the potential for the slick hair gene to improve thermal resistance of lactating cows in a variety of hot environments.
Cows were not evaluated for body temperature regulation in an environment free of heat stress, and it cannot be ruled out that some or all of the difference in vaginal temperatures between slick-haired and wildtype cattle represent differential body temperature regulation independent of heat stress. In one study in cool weather, slick-haired beef cattle had lower rectal temperatures than wild-type cattle (Olson et al., 2003) .
The physiological basis for improved body temperature regulation in slick-haired cows must involve lower metabolic rate, increased sensible or evaporative heat loss, more efficient transfer of heat to the animal surface (determined largely by blood flow and anatomical characteristics of the respiratory tract), or a combination of these adaptations. Milk yield was similar between slick and wild-type cows, and it is unlikely that there were major differences in metabolic rate between groups. Slick-haired cows have very short hair coats and should therefore have increased rate of heat loss via convection and conduction (Berman, 2004) . In addition, it is possible that such hair coats are more effective at reflecting solar radiation than hair coats normally present on Holsteins. The present study shows that evaporative heat loss via sweating was greater in slick-haired cows than wild-type cows. Moreover, the basis for the increased sweating rate is the short hair coat length and the concomitant reduction in humid air trapped at the skin surface because differences in sweating rate between slick-haired and wild-type cows were eliminated by clipping the hair coat. The superior sweating rate of slick-haired cows may be very important in hot environments because 85% of heat loss from the skin at air temperatures greater than 30°C is via evaporation (Maia et al., 2005) . The reduction in respiration rate of slick-haired cows as compared with wild-type cows can be ascribed to the increased rate of cutaneous heat loss for slick-haired animals.
There is indirect evidence that delivery of heat from the body core to the skin is greater for slick-haired cows than for wild-type cows. If heat delivery to the skin was similar for slick-haired and wild-type cows, one would expect slick-haired cows to have lower surface temperatures because of greater sensible and evaporative heat loss. There was no difference in surface temperature Vaginal temperature was affected by hair type (P = 0.05), environment (P < 0.001), time of day (P < 0.001), and environment × time of day interaction (P < 0.001). Surface temperature was affected by environment (P < 0.001), time of day (P < 0.001), and environment × time of day interaction (P < 0.001).
between slick and wild-type cows. This suggests that delivery of heat to the skin is enhanced in slick cows.
Cortisol concentrations did not differ between environments or increase during the day. There are conflicting data in the literature regarding actions of heat stress on circulating cortisol concentrations in lactating cows. One report indicated that cortisol concentrations increase after 4 h of exposure to heat stress (Christison and Johnson, 1972) . Chronic exposure to heat stress over several days or longer increased (Wise et al., 1988a; Elvinger et al., 1992) , decreased (Christison and Johnson, 1972; Correa-Calderon et al., 2004) , or had no effect (Wise et al., 1988b; Johnson et al., 1991) on circulating cortisol concentrations. Perhaps the high variability associated with concentrations of this hormone, as well as psychological factors affecting cortisol secretion (Herskin et al., 2007; Curley et al., 2008) , obscured effects of heat stress.
The increased milk yield seen in slick-haired dairy cows in Venezuela (Olson et al., 2003) probably reflected the greater capacity of slick-haired cows for cutane- Respiration rate was affected by hair type (P < 0.05), environment (P < 0.001), time of day (P < 0.001), and environment × time of day interactions (P < 0.05). Sweating rate tended to be affected by hair type (P = 0.07) and hair type × time interaction (P = 0.08) and was affected by environment (P < 0.001), time of day (P < 0.001), and environment × time of day interaction (P < 0.01). Cortisol was not affected by any main effect or interaction. ous heat loss. Incorporation of the slick hair gene into dairy cows may result in improved capacity for body temperature regulation and enhanced productivity in hot climates. , and plasma cortisol concentrations (C) for replicates 1 and 2 from 1200 to 1500 h as affected by hair type and environment (indoor, open bars; outdoor, hatched bars). Data are least squares means ± SEM. Respiration rate was affected by hair type (P < 0.03) and environment (P < 0.001). Sweating rate was affected by hair type (P < 0.01) and environment (P < 0.02). There was a tendency for cortisol concentrations to be affected by hair type (P < 0.08). Figure 6 . Effect of clipping hair on differences in sweating rate between slick-haired and wild-type cows. Data were collected for replicate 2 from 1200 to 1500 h. Shown are least squares means ± SEM from unclipped areas (open bars) and clipped areas (hatched bars). Sweating rate was affected by environment (P < 0.02), clipping (P < 0.001), clipping × hair type (P < 0.01), and clipping × environment (P < 0.01) interactions.
